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ABSTRACT 
The differential motion, lateral velocity gradient, and topography of the Earth’s inner core make 
the temporal change of the core phases’ arrival times observable in waveform doublets, a pair of 
events happened at the same location and recorded by the same stations. Using doublets searched 
from the events in the South Sandwich Island (SSI) region recorded by the station COLA, we 
observed systematic temporal variations and recalculated the inner core’s differential spin rate 
relative to the mantle as 0.2-0.4 degree/yr, which is slightly smaller than that estimated by previous 
study of Zhang et al. (2005). We also analyzed the topography of the inner core boundary (ICB) 
beneath Africa with the doublets recorded by seismic stations in Asia. There are obvious temporal 
changes of the ICB, which may indicate the melting and freezing of the ICB in recent decades. 
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CHAPTER 1: INTRODUCTION 
 
The Earth’s inner core is a solid iron-nickel sphere in the innermost part of the Earth with a radius 
of approximately 1220 kilometers. It is first discovered in 1936 by a Danish seismologist, Inge 
Lehmann, from the seismic waves bouncing off the boundary of the inner core. Hence the inner 
core boundary (ICB) is also called Lehmann discontinuity. Inner core is formed by solidification 
of the liquid outer core as the Earth cools down over geological time scales. Release of latent heat 
during the solidification drives outer core convection and provides important constrains on the 
generation of the geodynamo (Glatzmaier and Roberts 1995). It is important to study the Earth’s 
inner core and its temporal variations for understanding the Earth’s internal evolution. 
Due to lack of direct sampling, the Earth’s inner core remains mysterious in various aspects, 
although it has been extensively studied by many geophysical techniques from seismology, 
geodynamic modeling, and mineral physics. Seismic wave propagating through the Earth’s inner 
core is one of the most powerful sources to probe the deepmost structure of Earth and is the only 
resource of direct observational evidence from the interior of Earth. Seismic waves travelling 
through the inner core, which is named as PKIKP, or PKPDF, or DF, contain valuable and 
abundant information about inner core’s velocity and attenuation structure; waves reflecting at the 
inner core boundary (PKiKP, also called PKPCD or CD) can be used to study the ICB’s 
topography and sharpness. PKPBC and PKPAB travel through the base and middle of the outer 
core, and are also usually abbreviated as BC and AB, respectively. Although BC and AB do not 
directly sample the inner core, they can provide an excellent reference frame for DF and CD. 
Examples of core phases at different distances are shown in Fig. 1. 
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1.1. Inner core’s anisotropy and lateral variations 
Inner core’s anisotropy is revealed by seismic waves, including body waves (e.g. Poupinet et al. 
1983) and normal modes (e.g. Woodhouse et al. 1986), travelling several seconds faster in the 
polar direction than in the equatorial direction. The travel time difference is up to 6 s and is too 
large to be ascribed to the ellipsoidal Earth. Mineralogical studies (e.g. Wenk et al. 1988) proposed 
preferentially-aligned hexagonal close-packed (hcp) iron formed by convective outer core flow to 
account for the cylindrical anisotropy of the inner core. 
The inner core is not only anisotropic but also laterally heterogenous. The most distinct pattern is 
the hemispherical variation, which is first proposed from body wave observations (Tanaka & 
Hamaguchi 1997) and then verified by normal mode studies (Duess et al. 2010). For the upper 100 
km, which is believed to be isotropic so far, the western hemisphere has lower isotropic velocity 
and weaker attenuation than the eastern hemisphere. For the deeper parts, the western hemisphere 
has 3-4% anisotropy, while the eastern hemisphere is less than 1% anisotropic. There are also 
strong small-scale variations. For example, lateral velocity gradient is very steep in the areas below 
Central America (Creager 1997) from travel time analysis using events in the South Sandwich 
Islands (SSI) region recorded by stations in Alaska. The velocity gradient is nearly constant 
(Creager 1997; Tkalčić et al. 2013a) and is likely to be a widespread phenomenon in the inner 
core. 
1.2. Inner core’s differential motion 
Since the inner core is surrounded by a liquid outer core, whose viscosity is uncertain, geodynamo 
models suggested that inner core is rotating in a different rate with respect to the mantle (Gubbins 
1981). Alternatively, it is coupled with the mantle if the outer core has a high enough viscosity to 
lock the inner core with the mantle (Buffett 1997). First seismological evidence comes from Song 
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and Richards (1996), which proposed that the inner core rotates approximately 1 degree per year 
faster than the mantle from systematical variations of BC-DF differential travel times. However, 
the temporal change of DF arrival times is doubted as an artifact caused by hypocenter 
mislocations by some other seismologists (e.g. Poupinet 2000). Subsequently, Zhang et al. (2005) 
provided more robust evidence using waveform doublets and more accurately quantified the super-
rotation rate as 0.3 – 0.5° per year relative to the mantle.  
Most body-wave observations (Song & Richards 1996, Creager 1997, Li & Richards 2003, Xu & 
Song 2003, Zhang et al. 2005, Cao et al. 2007, Song & Poupinet 2007, Song & Dai 2008, Zhang 
et al. 2008, Lindner et al. 2010, Tkalčić et al. 2013b) vary between 100 to 10-1 degree per year, and 
show a decreasing trend over recent two decades as summarized by Duess (2014). Normal node 
observations (e.g. Sharrock &Woodhouse 1998; Laske & Masters 1999; Tomiyama & Oda 2008) 
and geodynamical modelling (e.g. Glatzmaier & Roberts 1995, Aurnou et al. 1998, Aubert & 
Dumberry 2011), however, show more diverse results that range by multiple orders of magnitude. 
Tkalčić et al. (2013b) proposed shuffling rotation of the inner core from statistical analysis of the 
travel time difference of waveform doublets; the inner core’s super-rotation rate displays decadal 
fluctuation, so different studies using different datasets will get different results. 
1.3. Inner core’s topography 
The Earth’s inner core has been thought to be a nearly perfect sphere, since it is formed from the 
solidification of the homogenous outer core (Stevenson 1987). However, seismic observations 
(e.g. Vidale & Earle 2000, Cormier & Li 2002) found scattering in the ICB, suggesting that ICB 
is locally rugged, like the topography of the Earth’s surface. Wen (2006) and Cao et al. (2007) 
reported localized growth of the ICB’s boundary under South Africa and Central America. The 
temporal change of the ICB’s topography may result from either localized ICB growth or ICB’s 
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topography shifted by the inner core’s super-rotation (Wen 2006). The lateral topographic 
variation is up to 14 km within only 6 km (Dai et al. 2012), indicating small-scale temperature 
and/or composition variations at the ICB.  
The coexistence of inner core’s super-rotation, anisotropy, lateral velocity gradients, and 
topography can result in the temporal changes of the seismic core phases, including PKPDF, 
PKPCD, PKPBC, and PKPAB. In turn, systematic studies on the temporal changes of core phases 
can also largely resolve current controversies on these features of the inner core. 
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CHAPTER 2: DOUBLET SEARCHING 
 
Earthquake doublets are a pair of earthquake events happening at the same position and recorded 
by the same station, as well as having nearly identical waveforms due to the same source time 
function. This technique has been widely used in recent seismic studies (Zhang et al. 2005; Wen 
2006; Cao et al. 2007; Zhang et al. 2008; Song and Dai, 2008; Dai and Song, 2008; Tkalčić et al. 
2013; etc.) to study the temporal changes of the Earth’s interior, because it can effectively avoid 
artifacts and improve the confidence of seismic data. A seismic waveform is the convolution of 
the source time function, propagation effects, receiver function, and the instrument response. First, 
the high similarity of waveform ensures the same source time function. Second, same seismic 
station uses the same instrument response. Third, we can safely assume that there is little temporal 
change in the crust and mantle within several decades. Consequently, the changes in the 
seismograms of doublets can be projected to the temporal changes of velocity structures in the 
dynamic core along the raypath of the doublets. 
2.1. Waveform cross-correlation 
The similarity between two seismograms is quantified by cross-correlation. For two real 
continuous time-series functions, x(t) and y(t), their cross-correlation is defined by 
 ∅𝑥𝑦(𝜏) = ∫ 𝑥(𝑡 − 𝜏)𝑦(𝑡)𝑑𝑡
∞
−∞
, (1) 
where 𝜏 is the time lag of the two functions. We can’t determine the similarity of two waveforms 
just by their cross correlation, because the correlation of two high amplitude signals will certainly 
give large values, so we need to use normalized cross-correlation ψ: 
 
𝜓𝑥𝑦(𝜏) = 𝑎𝑏𝑠 (
∅𝑥𝑦(𝜏)
√∅𝑥𝑥(0)∅𝑦𝑦(0)
),  
(2) 
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where ∅𝑥𝑥(0) and ∅𝑦𝑦(0) are the cross-correlation of themselves (i.e. auto-correlation) at zero 
lag. By finding the max normalized cross-correlation in a sliding time window, we can find not 
only the similarity of the waveforms, but also the time shift for optimal alignment of two 
waveforms within the time window.  
2.2. Data areas 
South Sandwich Islands (SSI) Arc is formed by the subduction of the South American Plate 
beneath the Scotia Plate. The seismicity rate is extremely high at the trench formed by the 
subduction, so it is very promising to find relatively large number of repeating earthquakes in this 
region with enough magnitude to generate clear core phases. In addition, the global distribution of 
seismographs is concentrated in the northern hemisphere. The long-running seismic stations in 
Eurasia and North America can record the SSI events at mid-latitudes of the Southern hemisphere 
in a desirable distance range for studying core phases.  
2.3. Data preprocessing  
The cut-off magnitude is set as 4.7 for event searching in the SSI region (i.e. longitude ranging 
from 45°W to 15°W and latitude ranging from 52°S to 62°S) as shown in Figure 2. The waveform 
data recorded by the station COLA (named as COL before 1996) are requested from IRIS 
(Incorporated Research Institutions for Seismology) DMC (Data Management Center). Additional 
hand-digitized waveforms used in Zhang et al. (2005) are supplemented into the dataset to study 
the inner core’s super-rotation rate. The data we used are all broadband vertical components (BHZ 
type), commonly with 0.05 s sampling interval. 
The seismograms were processed in SAC (Seismic Analysis Code) in the following procedures. 
First, I removed the mean and trend of the data. Second, I integrated the data to transfer them from 
velocity to displacement records. Third, I convolve the data with the WWSSN (World-Wide 
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Standardized Seismograph Network) response, whose dominant frequency is about 1 Hz. Last, I 
applied a second-order Butterworth bandpass filter between 0.6 and 3.0 Hz to further improve the 
signal-to-noise ratio (SNR), which is defined as the maximum amplitude of the signal divided by 
the root-mean-square of the noise. The waveforms with SNR smaller than 5 are discarded, and the 
rest of them are manually examined to further ensure data quality. 
2.4. Searching procedures 
The original location information of the events is from PDE (Preliminary Determination of 
Epicenters) earthquake catalog archived by USGS (U.S. Geological Survey). The latitude, 
longitude, and depth information provided by PDE may not be accurate, so repeating earthquakes 
normally do not have the same location in the PDE catalog. Empirically, the distance of doublets 
in the PDE earthquake catalog is within 0.5 degrees due to slight mislocation. Consequently, the 
cross-correlation calculation is conducted only for potential events pairs within 0.5 degrees based 
on their location information in the PDE catalog, largely reducing the computational burden for 
searching. 
For each potential pair, I calculated the normalized cross-correlation coefficients (CC) in a 15s 
window from 0.5 seconds before the BC arrival. Then I sorted out the pairs with CC larger than 
0.85 as doublet candidates. Because CC value can be dominated by a large impulse in the 15s 
window, so I also calculated the CC of BC and AB in the window of (BC-0.5s, BC+4.5s) and (AB-
0.5s, AB+4.5s) and discarded the pairs if one the CCs is no larger than 0.85. Finally, I manually 
screened each pair to ensure that CC is not dominated by large impulses. 
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CHAPTER 3: INNER CORE’S SUPER-ROTATION 
 
The inner core’s super-rotation is revealed by the systematical change of DF arrivals (Song and 
Richard 1996; Zhang et al. 2005; Tkalčić et al. 2013b). There are 51 pairs of high-quality doublets 
recorded by COLA (and COL) with clear DF arrival (Table 2), which can be used to study the 
inner core’s super-rotation. The amount of doublet pairs is significantly increased from 18 in 
Zhang et al. (2005) and 24 in Tkalčić et al. (2013b), with recent several years of new data. 
Examples of newly observed high-quality doublets are shown in Fig. 3-12. The quality of doublets 
can be verified with the CC of mantle phases recorded by closer stations (e.g. Fig. 14 and 15). 
3.1. Measurement of DF’s differential travel time 
The relative time shift (ddt) between two core phases from the two events in a pair of doublets is 
defined as 
 𝑑𝑑𝑡(𝐵𝐶 − 𝐷𝐹) = (𝐵𝐶2 − 𝐷𝐹2) − (𝐵𝐶1 − 𝐷𝐹1) (3) 
 𝑑𝑑𝑡(𝐴𝐵 − 𝐵𝐶) = (𝐴𝐵2 − 𝐵𝐶2) − (𝐴𝐵1 − 𝐵𝐶1) (4) 
where the subscripts 1 and 2 correspond to the earlier and the later event, respectively. We used 
BC as a reference phase and then calculated the relative time shift of BC and AB (e.g. Fig. 3-12). 
The seismograms are resampled with an interval of 0.001s to improve the precision of ddt 
measurement by cross-correlation. The time window for measuring the shift of DF after aligning 
BC is from 1.0 s to 3.0 s, depending on the visible length of the phase. The error of ddt is within 
0.01s and can be close to 0.001 s when the SNR of both phases are very large. 
The differential time between BC and AB is expected to be zero for perfect repeating earthquakes 
if not considering the temporal change of velocity structures in the outer core. However, even for 
the best one among the 51 pairs, the d(AB-BC) is not exactly 0 (Table 2). It may result from noise, 
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slight epicentral difference, small-scale heterogeneity, or their combinations. In addition, COL was 
moved 4 km to the current position of COLA, causing 0.016 s increase in ddt(BC-DF) (Zhang et 
al. 2005). The influence of epicentral difference can be calibrated because source separation is 
expected to affect both ddt(AB-BC) and ddt(BC-DF); 0.01 s difference in ddt(AB-BC) 
corresponds to 0.0043 s difference in ddt(BC-DF) (Zhang et al. 2005). Consequently, ddt(BC-DF) 
is calibrated by subtracting 0.43 times of its corresponding ddt(AB-BC). In addition, the ddt(BC-
DF) is normalized by dividing the travel time through the inner core and then multiplying the 
average travel time through the inner core at 151° for comparing different pairs of doublets. 
3.2. Temporal variations of DF’s arrival time 
Zhang et al. (2005) estimated average temporal change of ddt(BC- DF) is about 0.0093 s/yr, 
corresponding to inner core’s super-rotation rate of 0.3-0.5° per year, under the assumption of 
constant super-rotation rate and nearly linear lateral velocity gradient around the bottoming points 
of the ray paths (Creager 1997). With 33 more pairs of doublets in this study (e.g. Fig. 3-12), the 
yearly change from linear approximation with zero intercept is reduced to 0.0070 s/yr, 
corresponding to a slower super-ration in a rate of 0.2-0.4° per year (Fig. 13). 
In addition, the data points from this study in Fig. 13 are more scattered. If I only use events before 
2005, there are 27 pairs of doublets left, corresponding to a 0.0085 s/yr slope, which is closer to 
the estimation of Zhang et al. (2005). A constant temporal change rate requires both constant super-
rotation rate and purely linear velocity gradient, since the two factors are totally independent. 
Tkalčić et al. (2013b) proposed decadal fluctuation of inner core’s super-rotation based on 
statistical analysis of ddt(BC-DF). However, if the velocity gradient is not purely linear within the 
bottoming range from SSI to COLA (i.e. Central America), the fluctuation possibly may not be in 
the inner core’s super-rotation rate, but instead should be in the lateral velocity gradient. If the 
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assumption of liner velocity gradient under Central America is trustworthy, the smaller slope 
indicates that the inner core slows down its super-rotation in the recent decade. Alternatively, the 
inner core is super-rotating in a constant rate, and Zhang et al. (2005) slightly overestimated the 
super-rotation rate because their sample size is not large enough. 
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CHAPTER 4: INNER CORE’S TOPOGRAPHY UNDER AFRICA 
 
Seismic waves reflecting at the inner core’s boundary (ICB) provide the most direct evidence for 
studying the ICB’s topography. However, the trade-off between the velocity anomalies above the 
ICB and the ICB’s depth makes it challenging to accurately measure its small-scale topography. 
Absolute travel time analysis cannot resolve fine-scale structures at the ICB due to source 
mislocation, clock errors, mantle heterogeneity, and so on. Analyzing the relative time-shift of 
waveform doublets is one of the most powerful tools to study the topographic variations of the 
inner core, since it does not require knowing the precise location of earthquakes. 
4.1. Measurement of CD’s differential travel time  
The receiver stations within the distance range between 128° and 145° are optimal for studying 
the differential travel time of CD if using DF as a reference phase. As shown in Fig. 1, at a distance 
small than 128°, DF and CD will be too close to be distinguished; and at a distance larger than 
145°, BC and AB start emerging and will contaminate the CD signal. Seismic stations in Eurasia 
within the distance range includes AAK, AML, ARU, BRVK, CHKZ, KURK, LSA, UCH, and 
XAN (Fig. 27), all of which are long-running stations operated since 1990s. The SSI events 
recorded by the stations listed above sample the inner core beneath Africa with a good spatial 
coverage.  
The 114 pairs of waveform doublets in Table 3, used to study ICB’s topography, are searched from 
COLA with SSI events since 1990. There are only 126 measurements in total recorded by the 9 
stations, much less than expected, because not all the stations started running from 1990 and many 
waveforms have very low SNR (e.g. Fig. 25, 26). The ddt between CD and DF in the 114 
measurements is defined as 
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 𝑑𝑑𝑡(𝐶𝐷 − 𝐷𝐹) = (𝐶𝐷2 − 𝐷𝐹1) − (𝐶𝐷2 − 𝐷𝐹1) (5) 
where the subscripts 1 and 2 denote the earlier and later event, respectively. The length of time 
window for DF and CD is from 0.8 to 2 s, depending on the distance and the time delay of the two 
phases. Examples of obvious shift in CD for each station are shown in Fig. 16-24. The detailed 
information of all the measurements is listed in Table 4. 
4.2. Temporal variations of CD’s arrival time 
The ddt(CD-DF) varies from 0.074 s to -0.221 s for different ray paths. The largest anomaly here 
(i.e. -0.221 s for a pair of events in 1998 and 2014, as shown in Fig. 26) corresponds to about 8 
km of localized topography variation of the ICB in 16 years, and is larger than previous observed 
by Wen (2006), Cao et al. (2007), and Song and Dai (2008). If the temporal change is ascribed to 
the inner core’s topography shifted by its super-rotation, it implies that there is up to 8 km 
topography variation within 50 km laterally, assuming the inner core’s super-rotation rate is 0.3 
degree/yr.  
The station AAK, AML, and UCH are very close to each other (within 1 degree), so the bottoming 
points of the ray paths are also very close to each other (Fig. 29a). In addition, there are 81 
measurements (Fig. 28, 29b; Table 4) in total by the three stations, providing us a good opportunity 
for statistical analysis.  
As shown in Fig. 29b, all measurements before 2007 are negative or slightly positive. In contract, 
more recent event pairs after 2007 show more scattered results, mostly within -0.1 s and 0.1 s. 
ICB’s topography shifted by super-rotation cannot explain the phenomenon. It is more obvious if 
we plot the middle time of a pair of doublets against the yearly ddt, which is defined as ddt(CD-
DF) divided by adjusted year separation of the two events (Fig. 30). The adjust year separation is 
the decimal year of the later event subtracted by that of the earlier event, then plus one to avoid 
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extremely small values. The positive measurements concentrate near 35° W (Fig. 31); if it was due 
to topography shifted by the eastward super-rotation, ddt(CD-DF) should also be positive in the 
west (from 32° W to 34° W) for earlier pairs of doublets, which is in contrary with our 
observations. Alternatively, the localized growth can provide an acceptable explanation. In this 
scenario, the inner core keep growing from 1990s to about 2007, and in recent decade since 2007, 
the inner core starts melting in some parts. The scenario can also fit into other stations, such as 
BRVK, CHKZ, ARU, LSA, ARU and XAN (Fig. 32), so melting at the ICB is probably large-
scale and widespread in the recent decade beneath Africa.  
  
  14 
CHAPTER 5:  CONCLUSION 
We performed systematic search of waveform doublets in the South Sandwich Islands and use 
them to study the inner core’s super-rotation and topography. There are 51 pairs of doublets with 
clear DF arrivals. The systematic variations of DF’s arrival time indicate that the inner-core rotates 
0.2-0.4 degree/yr faster than the mantle. The estimation is smaller than that in Zhang et al. (2005), 
probably due to a slower super-ration rate after 2005. Temporal changes of inner core ‘s boundary 
(ICB) are detected under Africa, using the doublets searched from COLA and recorded by the 
stations in Asia. There are up to 8 km variations of the ICB’s topography detected by a pair of 
doublets with 16 years of separation. The systematical variations of CD’s arrival time recorded by 
three adjacent stations (AAK, AML, and UCH) reveal that there is decadal fluctuation between 
freezing and melting at the ICB. Our observation is consistent with previous studies, showing a 
growing ICB before 2007 (Wen 2006; Cao et al. 2007; Song and Dai 2008). We also find 
widespread melting beneath Africa with more data from recent 10 years. 
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APPENDIX: FIGURES AND TABLES 
 
Figure 1. PKP ray path and travel time curves. Events in the distance range between 128° and 145° 
are used to study inner core’s topography.  
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Figure 2. Events and station used for searching doublets. The black rectangle represents the 
boundary of the SSI region. Red triangle shows the location of station COLA (COL). The black 
line shows an example of raypath. 
  
  21 
 
Figure 3. An example of a pair of doublets with clear DF arrivals. The gray waveform representing 
the event in 2006 is overlain by the black waveform representing the event in 2015.  
 
Figure 4. An example of doublets with ddt(BC-DF) measurement (similar as above). 
  22 
 
Figure 5. An example of doublets with ddt(BC-DF) measurement (similar as above). 
  
Figure 6. An example of doublets with ddt(BC-DF) measurement (similar as above). 
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Figure 7. An example of doublets with ddt(BC-DF) measurement (similar as above). 
 
Figure 8. An example of doublets with ddt(BC-DF) measurement (similar as above). 
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Figure 9. An example of doublets with ddt(BC-DF) measurement (similar as above). 
 
Figure 10. An example of doublets with ddt(BC-DF) measurement (similar as above). 
  25 
 
Figure 11. An example of doublets with ddt(BC-DF) measurement (similar as above). 
 
Figure 12. An example of doublets with ddt(BC-DF) measurement (similar as above). 
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Figure 13. Temporal change of ddt (the differential time of BC - DF). Year lapse is measured 
between two events in a pair of doublets. The line is the liner regression of the points with a slope 
of 0.0070 s/yr and zero intercept. 
 
Figure 14. Doublet quality verified at station LPAZ for the example in Fig. 3. The mantle phases 
(P, PP, and P) used for verification, show large CC value (0.94, 0.88, 0.94, respectively).  
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Figure 15. Doublet quality verified at station SBA for the example in Fig. 3 in a long time window 
of 400 s. The earlier event in 2006 in gray is overlain by the later event in 2015 in black. The 
waveforms are bandpass filtered in a frequency range between 0.5 and 5.0 Hz. 
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Figure 16. Two example of doublets recorded at station AAK showing differential travel time of 
CD. The doublets are aligned by the DF arrival. The four numbers after “COLA” are d(AB-BC), 
CC of entire window, CC of BC, and CC of AB, respectively, for station COLA. 
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Figure 17. Two examples of d(CD-DF) measurement for AML. Notation style is the same as above 
in Fig. 16. 
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Figure 18. Two examples of d(CD-DF) measurement for ARU. Notation style is the same as above 
in Fig. 16. 
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Figure 19. Two examples of d(CD-DF) measurement for BRVK. Notation style is the same as in 
Fig. 16. 
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Figure 20. Two examples of d(CD-DF) measurement for CHKZ. Notation style is the same as in 
Fig. 16. 
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Figure 21. Two examples of d(CD-DF) measurement for KURK. Notation style is the same as in 
Fig. 16. 
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Figure 22. Two examples of d(CD-DF) measurement for LSA. Notation style is the same as in Fig. 
16. 
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Figure 23. Two examples of d(CD-DF) measurement for UCH. Notation style is the same as in 
Fig. 16. 
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Figure 24. Two examples of d(CD-DF) measurement for XAN. Notation style is the same as in 
Fig. 16. 
 
  37 
 
Figure 25. Relative times-shifts (ddt) between CD and DF for a pair of doublet with 9 years lapse 
in 2006 and 2015. Green circles represent negative ddt, while purple circles represent positive ddt. 
The symbol size is proportional to ddt. 
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Figure 26. Relative times-shifts (ddt) between CD and DF for a pair of doublet with 14 years lapse 
in 1998 and 2014. Notations are the same as Figure 6. 
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Figure 27. Spatial view of all doublet measurements sampled Africa and Indian Ocean. Purple 
circles represent the bottoming points from SSI events (red stars) to the seismic stations (blue 
triangles) in Asia. 
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Figure 28. Temporal changes of the differential time of (CD-DF) recorded at AAK (b), AML (c), 
UCH (c), and all the three stations (a).  
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Figure 29. (a) Bottoming points from the SSI events to station AAK (black), AML (red), and 
UCH(blue) and (b) all the ddt measurements recorded by the three stations (AAK in black, AML 
in red, and UCH in blue). 
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Figure 30. The relationship between the middle time a pair of doublets and ddt per year. 
 
 
 
Figure 31. Spatial variations of ddt. Crosses represent negative ddt, while purple circles represent 
positive ddt. The symbol size is proportional to ddt. 
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Figure 32. All ddt(CD-DF) recorded by all the other stations (BRVK, CHKZ, ARU, LSA, KURK, 
XAN, and a summary of all stations including AAK, AML, UCH). 
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Table 1. Detailed information of the earthquake events that make doublets found in COLA. 
Date Time Lat. (°) Lon. (°) Depth (km) Mag. 
1990-12-08 06:03:13 -57.894 -25.253 33.0 5.4 
1991-04-15 20:39:52 -56.228 -26.563 75.5 5.2 
1991-09-01 11:15:13 -55.384 -27.706 33.0 5.0 
1991-09-09 21:54:40 -57.702 -25.051 33.0 4.9 
1991-10-07 06:39:52 -56.407 -26.556 99.8 5.0 
1992-11-25 12:55:28 -56.161 -26.724 33.0 4.9 
1993-12-01 00:59:02 -57.487 -25.898 44.6 5.5 
1994-03-04 13:33:05 -57.899 -25.535 33.0 5.2 
1994-12-10 01:54:12 -56.186 -27.248 75.6 5.4 
1994-12-19 14:16:36 -57.610 -25.117 33.0 4.8 
1995-06-26 03:41:42 -55.338 -27.865 32.5 5.6 
1995-10-24 09:25:38 -56.271 -26.582 78.5 4.7 
1996-12-29 18:45:09 -55.372 -29.667 50.0 4.7 
1997-04-04 02:35:45 -57.920 -25.657 33.0 4.8 
1997-06-15 13:01:10 -56.905 -24.964 33.0 5.0 
1997-10-22 08:31:41 -57.924 -25.457 37.0 4.8 
1998-02-06 13:01:15 -56.108 -27.760 119.0 5.5 
1998-04-12 21:33:40 -56.143 -26.744 38.5 4.7 
1998-05-01 12:08:45 -55.965 -26.670 54.3 5.0 
1998-08-09 20:03:26 -58.762 -25.319 3.1 4.9 
1998-10-03 19:30:43 -56.662 -25.615 33.0 5.1 
1998-12-26 12:14:34 -56.468 -27.384 75.3 5.4 
1999-03-26 14:27:47 -57.954 -25.713 97.1 5.3 
1999-05-14 05:05:10 -57.972 -25.420 53.3 4.7 
2000-09-07 13:00:04 -55.956 -27.839 98.0 4.7 
2000-09-11 10:03:14 -57.752 -25.275 39.6 5.3 
2000-09-11 15:29:27 -57.709 -25.361 21.1 4.8 
2000-10-29 08:46:27 -57.991 -25.461 31.6 5.4 
2000-11-09 09:55:43 -55.202 -28.771 33.0 4.8 
2000-12-11 17:07:34 -55.982 -28.212 124.3 5.7 
2001-06-08 15:08:40 -57.901 -25.428 25.4 5.0 
2001-11-27 12:50:30 -55.503 -27.044 33.0 4.7 
2001-12-08 06:23:01 -56.800 -25.432 23.5 5.1 
2001-12-08 06:48:37 -56.780 -25.403 24.0 5.2 
2002-02-19 12:33:24 -56.789 -25.457 33.0 5.7 
2002-05-08 14:59:59 -56.247 -26.587 84.7 4.8 
2002-07-16 03:04:57 -55.875 -28.016 110.0 4.9 
2002-10-28 14:40:54 -57.986 -25.504 45.7 4.8 
2002-11-12 01:46:49 -56.582 -27.717 118.8 6.2 
2002-12-12 04:16:00 -57.927 -25.211 20.8 5.4 
2003-01-14 09:36:56 -57.927 -25.177 52.0 5.3 
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Table 1 (cont.) 
2003-03-21 01:23:50 -57.897 -25.228 29.9 5.1 
2003-05-26 08:45:21 -57.525 -26.011 73.0 4.7 
2003-09-06 15:47:03 -57.464 -25.582 57.3 5.7 
2004-03-23 06:19:56 -56.112 -27.049 52.8 4.8 
2004-05-07 09:50:27 -57.871 -25.626 45.7 5.4 
2004-09-06 18:45:18 -55.535 -26.567 10.0 4.8 
2004-12-14 03:53:09 -55.991 -27.809 142.5 4.7 
2005-01-08 07:14:30 -55.349 -28.087 10.0 5.0 
2005-03-16 12:27:04 -56.221 -26.728 62.0 5.0 
2005-03-24 06:08:37 -55.966 -27.050 76.9 5.0 
2005-05-04 14:49:25 -57.944 -25.660 65.0 5.3 
2005-05-19 15:16:38 -57.893 -25.583 46.2 4.7 
2005-05-20 07:57:57 -58.767 -25.275 21.3 5.3 
2005-06-10 13:08:11 -58.669 -25.241 9.8 4.7 
2005-10-03 11:26:36 -55.991 -26.656 58.9 5.1 
2006-02-17 12:18:26 -56.142 -27.736 134.0 4.9 
2006-04-30 03:51:29 -59.695 -26.161 32.4 5.3 
2006-05-13 23:53:31 -56.216 -27.715 94.6 5.1 
2006-05-29 05:20:38 -59.652 -26.302 37.4 5.7 
2006-06-06 04:07:02 -56.174 -26.850 54.0 4.7 
2006-06-23 05:40:33 -55.316 -28.891 40.1 5.0 
2006-09-29 05:50:41 -59.056 -25.713 10.0 4.8 
2006-10-25 04:14:12 -55.597 -26.680 10.0 5.1 
2007-01-06 08:32:20 -59.840 -26.686 76.5 5.0 
2007-03-23 17:12:49 -58.689 -25.244 6.1 5.0 
2007-07-11 09:42:21 -56.250 -26.906 35.7 5.0 
2007-11-15 12:42:36 -56.310 -26.703 70.3 5.0 
2008-11-29 04:02:51 -57.996 -25.529 55.1 4.7 
2009-01-17 05:17:12 -59.770 -26.778 67.6 5.2 
2009-04-12 12:37:14 -56.237 -27.338 118.9 4.9 
2009-05-05 06:16:07 -58.717 -25.288 35.6 5.1 
2009-09-11 08:12:03 -56.003 -26.665 35.0 5.0 
2009-10-04 22:06:03 -57.717 -25.422 49.0 4.9 
2009-10-23 03:14:11 -57.724 -25.356 44.4 4.9 
2009-12-02 23:14:00 -56.148 -26.905 52.1 5.4 
2009-12-31 07:59:21 -55.646 -27.317 10.0 4.9 
2010-03-17 15:33:12 -58.239 -29.675 10.0 5.0 
2010-05-20 01:43:53 -55.548 -26.550 32.0 5.0 
2010-10-01 10:51:38 -58.787 -25.216 44.0 5.0 
2010-11-16 23:21:50 -56.178 -27.327 112.0 5.1 
2010-12-11 20:35:01 -56.824 -25.490 35.0 5.0 
2011-03-17 01:00:04 -57.951 -25.615 58.4 5.3 
  46 
Table 1 (cont.) 
2011-04-16 07:56:42 -55.373 -28.050 26.0 5.0 
2011-05-19 21:07:02 -57.992 -25.537 49.0 5.0 
2011-08-09 14:04:03 -56.111 -27.115 100.0 5.0 
2011-08-26 07:41:19 -56.232 -27.093 100.0 5.2 
2012-03-07 12:02:51 -57.984 -25.359 51.2 5.4 
2012-03-10 20:43:01 -56.177 -27.087 63.0 4.9 
2012-09-29 16:13:24 -56.199 -26.548 35.0 4.7 
2012-11-25 12:33:17 -56.143 -27.356 104.7 4.9 
2013-01-16 17:50:49 -58.167 -25.114 46.5 4.8 
2013-05-16 22:38:24 -56.027 -26.806 63.0 5.1 
2013-05-31 01:40:59 -57.941 -25.641 49.0 4.7 
2013-06-05 09:45:22 -55.493 -26.748 38.0 5.0 
2013-06-09 00:21:35 -58.786 -25.363 40.4 5.3 
2013-07-29 21:52:10 -57.858 -25.397 41.1 5.2 
2013-08-23 00:59:34 -58.065 -25.469 51.5 4.9 
2013-10-19 13:43:44 -56.358 -26.693 54.9 4.9 
2013-11-03 17:46:42 -57.871 -25.665 45.9 5.3 
2013-11-05 17:40:14 -57.779 -25.273 48.9 4.9 
2013-11-22 15:06:01 -57.796 -25.297 10.0 5.2 
2013-11-28 06:59:36 -55.427 -29.790 28.0 5.0 
2014-02-26 05:41:36 -56.195 -27.832 108.6 4.8 
2014-04-24 12:46:09 -59.664 -26.141 35.0 5.4 
2014-05-13 14:40:53 -56.938 -25.059 9.7 5.3 
2014-09-13 07:46:03 -56.023 -26.670 35.0 4.7 
2014-10-28 07:09:15 -56.317 -26.743 69.1 4.8 
2014-12-11 10:41:09 -56.832 -25.440 15.2 4.9 
2014-12-11 13:53:29 -56.751 -25.425 10.0 5.5 
2014-12-11 18:16:50 -56.825 -25.257 10.0 5.1 
2014-12-18 20:10:53 -56.628 -25.370 10.0 5.5 
2014-12-28 20:30:54 -59.767 -27.154 113.7 5.2 
2015-03-19 03:49:23 -55.391 -28.350 28.9 5.0 
2015-05-24 21:06:41 -59.653 -26.455 34.0 5.8 
2015-07-08 22:26:02 -58.706 -25.281 61.1 4.9 
2015-08-14 09:37:03 -58.972 -25.694 10.0 4.9 
2015-11-04 02:24:57 -58.289 -29.876 10.0 4.9 
2016-03-15 13:35:17 -56.015 -27.058 41.0 5.2 
2016-05-01 13:53:51 -57.964 -25.332 35.0 4.8 
2016-05-16 10:05:11 -55.665 -27.373 47.5 4.9 
2016-08-27 04:51:06 -56.290 -26.923 65.4 5.4 
2016-08-31 15:39:07 -56.116 -27.330 102.7 5.0 
2017-01-18 14:52:56 -57.518 -25.954 57.6 5.0 
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Table 2. Detailed information of doublets found in COLA with clear DF arrival. Note that ddt(AB) 
and ddt(DF) represent ddt(BC-AB) and ddt(BC-DF), respectively. 
Date1 Time1 Date2 Time2 Lapse CC ddt(AB) ddt(DF) 
1987-03-28 05:04:12 1995-08-14 08:21:44 8.38 0.97 -0.013 0.138 
1985-05-08 08:12:52 2000-09-11 10:03:14 15.35 0.97 0.030 0.107 
1987-03-03 14:20:32 1990-12-08 06:03:13 3.77 0.96 0.012 0.044 
2006-05-29 05:20:39 2015-05-24 21:06:41 8.99 0.95 -0.003 0.052 
2000-10-29 08:46:27 2012-03-07 12:02:51 11.35 0.95 0.030 0.130 
2000-10-29 08:46:27 2011-05-19 21:07:02 10.35 0.95 -0.010 0.100 
1986-03-15 18:32:12 1987-11-05 03:19:52 1.64 0.95 0.100 0.050 
1998-12-26 12:14:37 2002-11-12 01:46:49 3.88 0.94 -0.030 0.000 
1987-08-29 14:15:18 1995-01-06 18:01:13 7.36 0.93 -0.028 -0.008 
2008-10-19 02:56:08 2015-07-13 20:16:08 6.73 0.93 0.007 0.010 
2005-10-03 10:28:31 2012-03-07 12:02:51 6.43 0.93 -0.040 0.030 
1972-12-22 13:05:35 1995-06-26 03:41:42 22.51 0.93 0.034 0.231 
1973-06-16 23:06:29 1987-04-14 17:20:40 13.93 0.93 -0.019 0.097 
1964-07-12 21:08:53 1977-11-19 00:42:47 13.35 0.93 -0.017 0.045 
1985-05-08 08:12:52 1985-08-01 23:15:16 0.23 0.93 0.005 -0.031 
1984-12-26 09:37:59 1994-08-10 14:57:49 9.62 0.92 -0.007 0.048 
1998-02-06 13:01:16 2006-02-17 12:18:27 8.03 0.92 -0.074 0.077 
1964-06-11 10:55:06 1982-03-22 18:46:05 17.78 0.92 0.059 0.244 
1969-05-25 22:30:43 1985-08-01 23:15:16 16.19 0.92 0.087 0.122 
1998-01-05 04:02:00 2012-02-09 08:49:29 14.10 0.92 0.016 0.094 
1991-04-15 20:39:53 2005-03-16 12:27:05 13.92 0.92 0.014 0.146 
1971-01-16 12:39:52 2015-07-13 20:16:08 44.49 0.91 -0.039 0.213 
2011-12-11 09:54:56 2015-07-13 20:16:08 3.59 0.91 -0.051 0.008 
1970-05-25 22:45:35 1993-12-01 00:59:01 23.52 0.91 0.083 0.156 
2013-01-25 05:28:41 2015-07-13 20:16:08 2.46 0.91 0.018 0.113 
1986-07-09 13:58:59 1987-11-05 03:19:52 0.68 0.91 -0.010 0.020 
1993-12-01 00:59:01 2003-09-06 15:47:00 9.76 0.90 0.020 0.096 
1982-12-20 00:33:06 1999-11-06 04:17:30 16.88 0.90 -0.003 0.128 
2000-12-11 17:07:34 2015-07-13 20:16:08 14.58 0.90 -0.048 0.123 
2000-12-11 17:07:34 2011-12-11 09:54:56 11.00 0.90 0.016 0.122 
2006-02-17 12:18:27 2007-06-04 03:06:55 1.29 0.90 -0.147 -0.020 
1990-12-08 06:03:13 2000-10-29 08:46:27 9.89 0.89 0.052 0.134 
1964-07-12 21:08:53 2007-06-04 03:06:55 42.89 0.89 0.080 0.264 
1994-12-10 01:54:16 2009-04-12 12:37:14 14.34 0.89 0.021 0.086 
1986-03-15 18:32:12 1986-07-09 13:58:59 0.32 0.89 0.110 0.030 
1986-07-09 13:58:59 1996-01-28 04:47:06 9.56 0.88 -0.058 0.091 
1977-11-19 00:42:47 2007-06-04 03:06:55 29.54 0.88 0.130 0.216 
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Table 2 (cont.) 
1975-10-22 11:38:52 1995-05-15 15:26:54 19.56 0.88 -0.150 0.199 
1994-12-09 19:24:09 2009-05-13 23:02:49 14.42 0.88 0.031 0.164 
1964-06-11 21:28:08 2008-10-19 02:56:08 44.36 0.87 -0.054 0.272 
1965-03-12 08:42:28 1982-03-22 18:46:05 17.03 0.87 -0.089 0.107 
1983-11-12 09:10:53 1997-06-02 04:57:08 13.55 0.87 -0.025 0.180 
1977-11-19 00:42:47 1986-03-15 18:32:12 8.32 0.86 0.128 0.015 
1992-11-22 02:15:51 1998-01-05 04:02:00 5.12 0.86 0.038 0.121 
1964-06-11 21:28:08 2011-12-11 09:54:56 47.50 0.86 0.009 0.286 
1983-09-22 19:26:44 2015-07-13 20:16:08 31.81 0.86 -0.140 0.193 
1983-11-12 09:10:53 2010-04-13 20:27:01 26.42 0.86 -0.027 0.273 
1983-11-12 09:10:53 2008-01-12 08:32:46 24.17 0.86 -0.122 0.298 
1986-03-15 18:32:12 2007-06-04 03:06:55 21.22 0.86 -0.020 0.190 
1971-01-16 12:39:52 2008-04-14 09:45:17 37.24 0.85 0.101 0.213 
1970-05-25 22:45:35 2003-09-06 15:47:00 33.29 0.85 0.101 0.293 
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Table 3. Doublet pairs from the SSI region found from the station COLA after 1990. 
Doublet ID Date1 Time1 Date2 Time2 ddt CCall CCbc CCab 
d-0-1111 2011-08-09 14:04:03 2011-08-26 07:41:19 -0.008 0.89 0.93 0.89 
d-1-1112 2011-05-19 21:07:02 2012-03-07 12:02:51 0.020 0.90 0.90 0.98 
d-1-9797 1997-04-04 02:35:45 1997-10-22 08:31:41 0.001 0.94 0.96 0.97 
d-10-0313a 2003-01-14 09:36:56 2013-05-31 01:40:59 -0.001 0.89 0.89 0.94 
d-10-0313b 2003-03-21 01:23:50 2013-01-16 17:50:49 0.028 0.88 0.86 0.93 
d-10-0414 2004-03-23 06:19:56 2014-09-13 07:46:03 -0.010 0.92 0.92 0.96 
d-10-0515 2005-01-08 07:14:30 2015-03-19 03:49:23 0.038 0.95 0.95 0.96 
d-10-9001 1990-12-08 06:03:13 2001-06-08 15:08:40 -0.002 0.93 0.85 0.98 
d-10-9303 1993-12-01 00:59:02 2003-09-06 15:47:03 0.028 0.88 0.94 0.94 
d-11-0011 2000-10-29 08:46:27 2011-05-19 21:07:02 -0.002 0.93 0.89 0.97 
d-11-0213 2002-05-08 14:59:59 2013-10-19 13:43:44 0.017 0.97 0.94 0.99 
d-11-0313 2003-01-14 09:36:56 2013-08-23 00:59:34 -0.013 0.92 0.93 0.96 
d-11-0516a 2005-03-16 12:27:04 2016-08-27 04:51:06 0.003 1.00 1.00 1.00 
d-11-0516b 2005-03-24 06:08:37 2016-03-15 13:35:17 -0.020 0.97 0.96 0.99 
d-11-9204 1992-11-25 12:55:28 2004-03-23 06:19:56 0.045 0.90 0.91 0.98 
d-11-9708 1997-10-22 08:31:41 2008-11-29 04:02:51 0.018 0.94 0.95 0.96 
d-12-9708 1997-04-04 02:35:45 2008-11-29 04:02:51 0.019 0.91 0.95 0.96 
d-12-9809 1998-04-12 21:33:40 2009-12-02 23:14:00 0.002 0.99 0.98 1.00 
d-13-0013a 2000-09-11 10:03:14 2013-07-29 21:52:10 -0.047 0.92 0.86 0.93 
d-13-0013b 2000-09-11 10:03:14 2013-11-05 17:40:14 -0.022 0.92 0.93 0.96 
d-13-0013d 2000-09-11 15:29:27 2013-11-05 17:40:14 0.019 0.95 0.92 0.98 
d-13-0114a 2001-12-08 06:23:01 2014-12-11 10:41:09 -0.014 0.96 0.88 0.98 
d-13-0114b 2001-12-08 06:48:37 2014-12-11 10:41:09 -0.011 0.93 0.94 0.96 
d-13-0214 2002-02-19 12:33:24 2014-12-11 13:53:29 0.010 0.90 0.92 0.91 
d-14-0116 2001-11-27 12:50:30 2016-05-16 10:05:11 -0.054 0.93 0.89 0.96 
d-14-0317 2003-05-26 08:45:21 2017-01-18 14:52:56 0.004 0.98 0.99 0.99 
d-14-9105 1991-04-15 20:39:52 2005-03-16 12:27:04 0.026 0.91 0.94 0.96 
d-14-9409 1994-12-10 01:54:12 2009-04-12 12:37:14 0.013 0.88 0.88 0.94 
d-14-9913 1999-05-14 05:05:10 2013-08-23 00:59:34 0.003 0.96 0.97 0.96 
d-15-9409b 1994-12-19 14:16:36 2009-10-23 03:14:11 0.027 0.89 0.90 0.96 
d-16-0016 2000-10-29 08:46:27 2016-05-01 13:53:51 -0.008 0.88 0.90 0.94 
d-16-9713a 1997-04-04 02:35:45 2013-08-23 00:59:34 -0.001 0.97 0.98 0.98 
d-16-9713b 1997-10-22 08:31:41 2013-08-23 00:59:34 0.000 0.94 0.97 0.97 
d-16-9814a 1998-04-12 21:33:40 2014-09-13 07:46:03 0.000 0.92 0.91 0.97 
d-16-9814b 1998-10-03 19:30:43 2014-12-18 20:10:53 0.008 0.92 0.96 0.94 
d-17-9209 1992-11-25 12:55:28 2009-12-02 23:14:00 0.040 0.90 0.92 0.98 
d-17-9613 1996-12-29 18:45:09 2013-11-28 06:59:36 0.011 0.98 0.99 0.95 
d-17-9714 1997-06-15 13:01:10 2014-05-13 14:40:53 0.034 0.89 0.95 0.94 
d-19-9413b 1994-12-19 14:16:36 2013-11-22 15:06:01 0.016 0.91 0.91 0.96 
d-2-0002 2000-12-11 17:07:34 2002-07-16 03:04:57 -0.077 0.88 0.97 0.86 
d-2-0406 2004-03-23 06:19:56 2006-06-06 04:07:02 0.013 0.94 0.95 0.98 
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d-2-0709 2007-01-06 08:32:20 2009-01-17 05:17:12 0.022 0.93 0.92 0.97 
d-2-1012 2010-11-16 23:21:50 2012-11-25 12:33:17 0.045 0.87 0.89 0.93 
d-2-1214 2012-09-29 16:13:24 2014-10-28 07:09:15 0.014 0.93 0.89 0.97 
d-2-9799a 1997-04-04 02:35:45 1999-05-14 05:05:10 -0.003 0.98 0.99 0.98 
d-2-9799b 1997-10-22 08:31:41 1999-05-14 05:05:10 -0.002 0.93 0.96 0.96 
d-20-9111 1991-09-01 11:15:13 2011-04-16 07:56:42 0.086 0.89 0.98 0.86 
d-25-9016 1990-12-08 06:03:13 2016-05-01 13:53:51 0.031 0.90 0.89 0.95 
d-25-9116 1991-04-15 20:39:52 2016-08-27 04:51:06 0.028 0.91 0.94 0.96 
d-3-0609 2006-06-06 04:07:02 2009-12-02 23:14:00 -0.020 0.94 0.96 0.98 
d-3-1013 2010-10-01 10:51:38 2013-06-09 00:21:35 -0.017 0.94 0.96 0.93 
d-3-1113 2011-03-17 01:00:04 2013-11-03 17:46:42 -0.044 0.94 0.95 0.96 
d-3-9194 1991-09-09 21:54:40 1994-12-19 14:16:36 0.004 0.91 0.86 0.96 
d-3-9497 1994-03-04 13:33:05 1997-04-04 02:35:45 0.023 0.87 0.92 0.93 
d-4-0004 2000-09-07 13:00:04 2004-12-14 03:53:09 0.007 0.88 0.93 0.88 
d-4-0813 2008-11-29 04:02:51 2013-05-31 01:40:59 -0.002 0.91 0.90 0.96 
d-4-0913a 2009-09-11 08:12:03 2013-05-16 22:38:24 -0.024 0.93 0.94 0.95 
d-4-0913b 2009-10-04 22:06:03 2013-11-05 17:40:14 -0.004 0.95 0.95 0.98 
d-4-0913d 2009-10-23 03:14:11 2013-07-29 21:52:10 -0.019 0.93 0.89 0.94 
d-4-0913e 2009-10-23 03:14:11 2013-11-05 17:40:14 -0.006 0.90 0.85 0.95 
d-4-1014 2010-12-11 20:35:01 2014-12-11 18:16:50 0.012 0.96 0.93 0.99 
d-4-1216 2012-11-25 12:33:17 2016-08-31 15:39:07 -0.025 0.93 0.94 0.97 
d-4-9195 1991-09-01 11:15:13 1995-06-26 03:41:42 0.020 0.94 0.98 0.95 
d-4-9195b 1991-10-07 06:39:52 1995-10-24 09:25:38 -0.002 0.99 0.97 1.00 
d-4-9195b 1991-10-07 06:39:52 1995-10-24 09:25:38 -0.002 0.99 0.97 1.00 
d-4-9802 1998-12-26 12:14:34 2002-11-12 01:46:49 0.000 0.91 0.91 0.94 
d-4-9903 1999-05-14 05:05:10 2003-01-14 09:36:56 0.025 0.91 0.95 0.95 
d-5-0712 2007-07-11 09:42:21 2012-03-10 20:43:01 0.034 0.92 0.93 0.97 
d-5-0813 2008-11-29 04:02:51 2013-08-23 00:59:34 -0.011 0.91 0.94 0.97 
d-5-0914 2009-12-02 23:14:00 2014-09-13 07:46:03 -0.002 0.92 0.90 0.97 
d-5-1116 2011-05-19 21:07:02 2016-05-01 13:53:51 -0.012 0.93 0.92 0.98 
d-5-9298 1992-11-25 12:55:28 1998-04-12 21:33:40 0.033 0.91 0.90 0.98 
d-5-9703 1997-10-22 08:31:41 2003-01-14 09:36:56 0.016 0.96 0.97 0.98 
d-6-0006 2000-11-09 09:55:43 2006-06-23 05:40:33 0.112 0.91 0.98 0.96 
d-6-0207 2002-05-08 14:59:59 2007-11-15 12:42:36 0.003 0.94 0.98 0.95 
d-6-0208 2002-10-28 14:40:54 2008-11-29 04:02:51 -0.004 0.92 0.94 0.96 
d-6-0308 2003-01-14 09:36:56 2008-11-29 04:02:51 0.001 0.95 0.96 0.97 
d-6-0409 2004-03-23 06:19:56 2009-12-02 23:14:00 -0.006 0.99 0.99 1.00 
d-6-0410 2004-09-06 18:45:18 2010-05-20 01:43:53 -0.001 0.89 0.90 0.94 
d-6-0713a 2007-03-23 17:12:49 2013-06-09 00:21:35 0.029 0.95 0.98 0.88 
d-6-0713b 2007-11-15 12:42:36 2013-10-19 13:43:44 0.010 0.94 0.96 0.95 
d-6-0914 2009-01-17 05:17:12 2014-12-28 20:30:54 -0.043 0.91 0.91 0.96 
d-6-0915 2009-05-05 06:16:07 2015-07-08 22:26:02 0.005 0.92 0.97 0.92 
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d-6-0916 2009-12-31 07:59:21 2016-05-16 10:05:11 -0.056 0.94 0.95 0.97 
d-6-1015 2010-03-17 15:33:12 2015-11-04 02:24:57 0.007 0.94 0.92 0.96 
d-6-9703 1997-04-04 02:35:45 2003-01-14 09:36:56 0.019 0.92 0.95 0.95 
d-6-9804 1998-04-12 21:33:40 2004-03-23 06:19:56 0.009 0.99 0.99 1.00 
d-6-9905a 1999-03-26 14:27:47 2005-05-04 14:49:25 0.031 0.93 0.93 0.96 
d-6-9905b 1999-05-14 05:05:10 2005-05-19 15:16:38 0.013 0.91 0.97 0.92 
d-7-0411 2004-05-07 09:50:27 2011-03-17 01:00:04 0.031 0.85 0.87 0.91 
d-7-0613 2006-10-25 04:14:12 2013-06-05 09:45:22 0.051 0.93 0.91 0.97 
d-7-0714 2007-11-15 12:42:36 2014-10-28 07:09:15 -0.029 0.86 0.93 0.91 
d-7-9805a 1998-05-01 12:08:45 2005-10-03 11:26:36 0.003 0.95 0.96 0.94 
d-7-9805b 1998-08-09 20:03:26 2005-05-20 07:57:57 0.018 0.89 0.91 0.88 
d-7-9805c 1998-08-09 20:03:26 2005-06-10 13:08:11 0.007 0.99 1.00 0.98 
d-8-0109 2001-11-27 12:50:30 2009-12-31 07:59:21 -0.006 0.96 0.89 0.98 
d-8-0211 2002-12-12 04:16:00 2011-05-19 21:07:02 -0.031 0.87 0.92 0.96 
d-8-0513 2005-05-19 15:16:38 2013-08-23 00:59:34 -0.006 0.93 0.98 0.93 
d-8-0614a 2006-04-30 03:51:29 2014-04-24 12:46:09 0.037 0.93 0.97 0.96 
d-8-0614b 2006-05-13 23:53:31 2014-02-26 05:41:36 0.000 0.87 0.91 0.89 
d-8-0614c 2006-06-06 04:07:02 2014-09-13 07:46:03 -0.022 0.93 0.91 0.98 
d-8-0714 2007-01-06 08:32:20 2014-12-28 20:30:54 -0.021 0.93 0.92 0.96 
d-8-9705a 1997-04-04 02:35:45 2005-05-19 15:16:38 0.007 0.92 0.97 0.94 
d-8-9705c 1997-10-22 08:31:41 2005-05-19 15:16:38 0.012 0.91 0.97 0.93 
d-8-9806a 1998-02-06 13:01:15 2006-02-17 12:18:26 -0.054 0.90 0.94 0.89 
d-8-9806b 1998-04-12 21:33:40 2006-06-06 04:07:02 0.024 0.94 0.95 0.98 
d-9-0009a 2000-09-11 10:03:14 2009-10-04 22:06:03 -0.017 0.94 0.94 0.98 
d-9-0009b 2000-09-11 10:03:14 2009-10-23 03:14:11 -0.019 0.98 0.95 0.99 
d-9-0009c 2000-09-11 15:29:27 2009-10-04 22:06:03 0.021 0.97 0.94 0.99 
d-9-0009d 2000-09-11 15:29:27 2009-10-23 03:14:11 0.016 0.92 0.88 0.98 
d-9-0212 2002-12-12 04:16:00 2012-03-07 12:02:51 -0.016 0.96 0.96 0.97 
d-9-0413 2004-05-07 09:50:27 2013-11-03 17:46:42 -0.013 0.92 0.94 0.94 
d-9-0615a 2006-05-29 05:20:38 2015-05-24 21:06:41 0.001 0.91 0.94 0.97 
d-9-0615b 2006-09-29 05:50:41 2015-08-14 09:37:03 0.007 0.93 0.96 0.96 
Note: The doublet ID contains the years and the year lapse (dT) between two evens. CCall is the 
CC value measured from 0.5 seconds before BC. CCbc and CCab represent the CC value of 5s 
window over BC and AB, respectively.  
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Table 4. Doublet measurements sampling Africa, from the SSI region to the stations in Asia. 
ID Dday1 Dday2 Stnm ddt AvgLat AvgLon MidLa MidLon 
d-1-1112 2011.3805 2012.1822 AAK 0.014 -57.99 -25.45 -11.63 35.47 
d-10-9303 1993.9151 2003.6812 AAK -0.076 -57.48 -25.74 -11.29 34.92 
d-11-0011 2000.8283 2011.3805 AAK -0.06 -57.99 -25.5 -11.64 35.46 
d-11-0516a 2005.2041 2016.6553 AAK 0.003 -56.26 -26.83 -10.52 33.5 
d-11-9204 1992.9027 2004.2253 AAK -0.101 -56.14 -26.89 -10.44 33.37 
d-12-9809 1998.2791 2009.9204 AAK -0.155 -56.15 -26.82 -10.44 33.4 
d-13-0013a 2000.697 2013.575 AAK -0.094 -57.81 -25.34 -11.49 35.34 
d-13-0013b 2000.697 2013.8458 AAK 0.017 -57.77 -25.27 -11.45 35.32 
d-13-0013d 2000.6976 2013.8458 AAK 0.006 -57.74 -25.32 -11.44 35.29 
d-14-9105 1991.2872 2005.2041 AAK -0.211 -56.22 -26.65 -10.48 33.53 
d-14-9913 1999.365 2013.6411 AAK -0.031 -58.02 -25.44 -11.65 35.5 
d-16-9814b 1998.7556 2014.9639 AAK -0.125 -56.65 -25.49 -10.67 34.28 
d-17-9209 1992.9027 2009.9204 AAK -0.191 -56.15 -26.81 -10.44 33.41 
d-19-9413b 1994.966 2013.8921 AAK -0.115 -57.7 -25.21 -11.4 35.29 
d-2-1012 2010.8766 2012.9027 AAK -0.056 -56.16 -27.34 -10.5 33.24 
d-25-9116 1991.2872 2016.6553 AAK -0.203 -56.26 -26.74 -10.51 33.53 
d-3-1113 2011.2056 2013.8403 AAK 0.049 -57.91 -25.64 -11.59 35.34 
d-4-0913a 2009.6941 2013.3724 AAK 0.031 -56.02 -26.74 -10.34 33.32 
d-4-0913b 2009.7587 2013.8458 AAK 0.073 -57.75 -25.35 -11.45 35.29 
d-5-9298 1992.9027 1998.2791 AAK -0.027 -56.15 -26.73 -10.43 33.44 
d-6-0409 2004.2253 2009.9204 AAK -0.083 -56.13 -26.98 -10.45 33.34 
d-6-0713a 2007.2239 2013.4356 AAK -0.007 -58.74 -25.3 -12.14 36.19 
d-6-0914 2009.0444 2014.9913 AAK -0.018 -59.77 -26.97 -13.06 36.67 
d-6-9804 1998.2791 2004.2253 AAK -0.068 -56.13 -26.9 -10.44 33.36 
d-6-9905a 1999.2317 2005.3386 AAK -0.091 -57.95 -25.69 -11.62 35.36 
d-6-9905b 1999.365 2005.3798 AAK -0.057 -57.93 -25.5 -11.59 35.4 
d-7-9805a 1998.3301 2005.7546 AAK 0.001 -56.94 -26.02 -10.94 34.36 
d-8-0211 2002.9457 2011.3805 AAK -0.022 -57.96 -25.37 -11.6 35.47 
d-8-0513 2005.3798 2013.6411 AAK 0.023 -57.98 -25.53 -11.63 35.44 
d-8-0614a 2006.3264 2014.311 AAK -0.029 -59.68 -26.15 -12.9 36.82 
d-8-9806a 1998.1001 2006.1301 AAK -0.073 -56.13 -27.75 -10.52 33.08 
d-9-0009a 2000.697 2009.7587 AAK -0.056 -57.73 -25.35 -11.44 35.27 
d-9-0009c 2000.6976 2009.7587 AAK -0.064 -57.71 -25.39 -11.43 35.24 
d-9-0212 2002.9457 2012.1822 AAK -0.02 -57.96 -25.29 -11.59 35.49 
d-9-0413 2004.349 2013.8403 AAK -0.011 -57.87 -25.65 -11.57 35.3 
d-9-0615a 2006.4061 2015.3942 AAK -0.008 -59.65 -26.38 -12.91 36.73 
d-1-1112 2011.3805 2012.1822 AML 0.025 -57.99 -25.45 -11.9 35.17 
d-10-0515 2005.02 2015.2113 AML 0.011 -55.37 -28.22 -10.31 32 
d-12-9708 1997.255 2008.9128 AML -0.041 -57.96 -25.59 -11.9 35.1 
d-12-9809 1998.2791 2009.9204 AML -0.121 -56.15 -26.82 -10.73 33.13 
d-14-9913 1999.365 2013.6411 AML -0.034 -58.02 -25.44 -11.92 35.2 
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d-16-9713a 1997.255 2013.6411 AML -0.034 -57.99 -25.56 -11.92 35.14 
d-16-9814b 1998.7556 2014.9639 AML -0.221 -56.65 -25.49 -10.95 34 
d-2-9799a 1997.255 1999.365 AML -0.003 -57.95 -25.54 -11.88 35.11 
d-3-1113 2011.2056 2013.8403 AML 0.07 -57.91 -25.64 -11.87 35.04 
d-4-0913a 2009.6941 2013.3724 AML -0.008 -56.02 -26.74 -10.63 33.05 
d-5-0813 2008.9128 2013.6411 AML 0.003 -58.03 -25.5 -11.94 35.19 
d-5-1116 2011.3805 2016.333 AML 0.041 -57.98 -25.43 -11.89 35.17 
d-6-0409 2004.2253 2009.9204 AML -0.017 -56.13 -26.98 -10.74 33.07 
d-6-0713a 2007.2239 2013.4356 AML 0.016 -58.74 -25.3 -12.41 35.88 
d-6-0914 2009.0444 2014.9913 AML 0.053 -59.77 -26.97 -13.32 36.35 
d-6-9804 1998.2791 2004.2253 AML -0.103 -56.13 -26.9 -10.73 33.09 
d-6-9905a 1999.2317 2005.3386 AML -0.082 -57.95 -25.69 -11.9 35.06 
d-6-9905b 1999.365 2005.3798 AML -0.026 -57.93 -25.5 -11.87 35.1 
d-7-9805c 1998.605 2005.4398 AML 0.001 -58.72 -25.28 -12.39 35.87 
d-8-0513 2005.3798 2013.6411 AML -0.011 -57.98 -25.53 -11.9 35.14 
d-8-0614a 2006.3264 2014.311 AML -0.029 -59.68 -26.15 -13.16 36.49 
d-8-9705a 1997.255 2005.3798 AML -0.026 -57.91 -25.62 -11.86 35.05 
d-8-9806a 1998.1001 2006.1301 AML -0.056 -56.13 -27.75 -10.81 32.81 
d-9-0413 2004.349 2013.8403 AML -0.05 -57.87 -25.65 -11.84 35.01 
d-9-0615a 2006.4061 2015.3942 AML -0.032 -59.65 -26.38 -13.17 36.4 
d-10-9303 1993.9151 2003.6812 ARU -0.078 -57.48 -25.74 -0.7 17.14 
d-12-9809 1998.2791 2009.9204 ARU -0.011 -56.15 -26.82 0.19 15.67 
d-13-0013a 2000.697 2013.575 ARU 0.038 -57.81 -25.34 -0.92 17.57 
d-16-9814b 1998.7556 2014.9639 ARU -0.06 -56.65 -25.49 -0.14 16.68 
d-4-0913a 2009.6941 2013.3724 ARU 0.01 -56.02 -26.74 0.28 15.63 
d-6-0914 2009.0444 2014.9913 ARU -0.005 -59.77 -26.97 -2.27 18.28 
d-9-0413 2004.349 2013.8403 ARU -0.088 -57.87 -25.65 -0.97 17.47 
d-9-0615a 2006.4061 2015.3942 ARU -0.029 -59.65 -26.38 -2.18 18.46 
d-10-0515 2005.02 2015.2113 BRVK 0.054 -55.37 -28.22 -1.77 22.89 
d-3-1113 2011.2056 2013.8403 BRVK -0.017 -57.91 -25.64 -3.61 26.23 
d-9-0413 2004.349 2013.8403 BRVK -0.041 -57.87 -25.65 -3.58 26.19 
d-9-0615a 2006.4061 2015.3942 BRVK 0.013 -59.65 -26.38 -4.93 27.51 
d-12-9809 1998.2791 2009.9204 CHKZ 0.012 -56.15 -26.82 -1.87 23.9 
d-2-0002 2000.9471 2002.5373 CHKZ -0.01 -55.93 -28.11 -1.73 23.11 
d-4-9802 1998.9849 2002.8631 CHKZ -0.026 -56.52 -27.55 -2.17 23.89 
d-6-0006 2000.8586 2006.4745 CHKZ -0.023 -55.26 -28.83 -1.22 22.2 
d-6-0409 2004.2253 2009.9204 CHKZ -0.015 -56.13 -26.98 -1.86 23.81 
d-6-9804 1998.2791 2004.2253 CHKZ 0.025 -56.13 -26.9 -1.86 23.85 
d-7-9805a 1998.3301 2005.7547 CHKZ -0.009 -55.98 -26.66 -1.74 23.83 
d-8-9806a 1998.1001 2006.1301 CHKZ -0.028 -56.13 -27.75 -1.87 23.45 
d-9-0009a 2000.697 2009.7587 CHKZ -0.092 -57.73 -25.35 -3.02 25.93 
d-9-0009c 2000.6976 2009.7587 CHKZ -0.077 -57.71 -25.39 -3.01 25.9 
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d-6-0713a 2007.2239 2013.4356 KURK -0.053 -58.74 -25.3 -6.44 33.88 
d-8-0614a 2006.3264 2014.311 KURK -0.007 -59.68 -26.15 -7.24 34.56 
d-9-0615a 2006.4061 2015.3942 KURK -0.05 -59.65 -26.38 -7.24 34.45 
d-1-1112 2011.3805 2012.1822 LSA 0.03 -57.99 -25.45 -24.05 54.23 
d-11-0011 2000.8283 2011.3805 LSA -0.126 -57.99 -25.5 -24.07 54.23 
d-16-9814b 1998.7556 2014.9639 LSA -0.02 -56.65 -25.49 -23.19 52.82 
d-2-0709 2007.0146 2009.0444 LSA -0.055 -59.81 -26.73 -25.48 56.07 
d-3-1113 2011.2056 2013.8403 LSA 0.067 -57.91 -25.64 -24.05 54.12 
d-6-0713a 2007.2239 2013.4356 LSA 0.055 -58.74 -25.3 -24.48 55.04 
d-6-0914 2009.0444 2014.9913 LSA 0.074 -59.77 -26.97 -25.51 56.01 
d-6-9905a 1999.2317 2005.3386 LSA 0.048 -57.95 -25.69 -24.09 54.16 
d-8-0211 2002.9457 2011.3805 LSA 0.014 -57.96 -25.37 -24.02 54.21 
d-8-0614a 2006.3264 2014.311 LSA 0.034 -59.68 -26.15 -25.26 55.98 
d-8-0714 2007.0146 2014.9913 LSA 0.014 -59.8 -26.92 -25.52 56.05 
d-9-0212 2002.9457 2012.1822 LSA 0.044 -57.96 -25.29 -23.99 54.21 
d-9-0413 2004.349 2013.8403 LSA -0.063 -57.87 -25.65 -24.03 54.08 
d-9-0615a 2006.4061 2015.3942 LSA 0.031 -59.65 -26.38 -25.3 55.93 
d-1-1112 2011.3805 2012.1822 UCH -0.003 -57.99 -25.45 -11.92 35.69 
d-10-0515 2005.02 2015.2113 UCH -0.021 -55.37 -28.22 -10.32 32.5 
d-11-0011 2000.8283 2011.3805 UCH -0.042 -57.99 -25.5 -11.93 35.68 
d-12-9809 1998.2791 2009.9204 UCH -0.186 -56.15 -26.82 -10.75 33.63 
d-13-0013a 2000.697 2013.575 UCH -0.126 -57.81 -25.34 -11.78 35.56 
d-13-0013b 2000.697 2013.8458 UCH -0.015 -57.77 -25.27 -11.75 35.54 
d-13-0013d 2000.6976 2013.8458 UCH -0.032 -57.74 -25.32 -11.74 35.51 
d-14-9913 1999.365 2013.6411 UCH -0.017 -58.02 -25.44 -11.95 35.72 
d-16-9814b 1998.7556 2014.9639 UCH -0.112 -56.65 -25.49 -10.97 34.5 
d-3-1013 2010.7491 2013.4356 UCH -0.06 -58.79 -25.29 -12.47 36.46 
d-6-0409 2004.2253 2009.9204 UCH -0.089 -56.13 -26.98 -10.75 33.57 
d-6-0713a 2007.2239 2013.4356 UCH -0.014 -58.74 -25.3 -12.44 36.41 
d-6-9804 1998.2791 2004.2253 UCH -0.091 -56.13 -26.9 -10.74 33.59 
d-6-9905b 1999.365 2005.3798 UCH 0.008 -57.93 -25.5 -11.89 35.62 
d-8-0211 2002.9457 2011.3805 UCH 0.024 -57.96 -25.37 -11.9 35.69 
d-8-0513 2005.3798 2013.6411 UCH -0.022 -57.98 -25.53 -11.93 35.66 
d-8-0614a 2006.3264 2014.311 UCH -0.003 -59.68 -26.15 -13.19 37.04 
d-8-0714 2007.0146 2014.9913 UCH -0.031 -59.8 -26.92 -13.37 36.94 
d-9-0212 2002.9457 2012.1822 UCH 0 -57.96 -25.29 -11.88 35.71 
d-9-0615a 2006.4061 2015.3942 UCH -0.011 -59.65 -26.38 -13.2 36.95 
d-10-9303 1993.9151 2003.6812 XAN 0.018 -57.48 -25.74 -25.62 68.62 
d-11-0516a 2005.2041 2016.6553 XAN 0.005 -56.26 -26.83 -25.13 66.95 
d-3-1113 2011.2056 2013.8403 XAN 0.033 -57.91 -25.64 -25.89 69.23 
d-8-0614a 2006.3264 2014.311 XAN 0.013 -59.68 -26.15 -27.19 71.82 
d-9-0413 2004.349 2013.8403 XAN -0.058 -57.87 -25.65 -25.86 69.17 
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Table 4 (cont.) 
d-9-0615a 2006.4061 2015.3942 XAN 0.003 -59.65 -26.38 -27.25 71.81 
                                                                                                                                                                                                                                                                                                                                                            
